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AGGREGATION BEHAVIOR OF SUGAR-BASED 
GEMINI SURFACTANTS. STRUCTURAL VARIATIONS 
IN THE HEADGROUPS AND IN THE SPACERS AND 
THEIR IMPLICATIONS FOR THE MECHANISM OF    
OH--BINDING 
 
The results of a preliminary study of the effects of structural modifications of sugar-
based GS on their aggregation behavior are described. The sugar-based GS, obtained 
by substituting the -(CH2CH2O)2-CH2CH2- spacer (GS1) with  a -(CH2)6- spacer 
(GS15), requires higher protonation levels to assemble in spherical micelles. Higher 
pH values are necessary to obtain redispersion of the vesicles after initial 
flocculation at basic pH, probably due to the weaker hydration of the more 
hydrophobic spacer. Diminishing the number of hydroxy substituents to 3, or 
increasing the length of the hydrophobic spacer to 10 carbon atoms, leads to a 
comparable increase in the packing parameter of the sugar-based GS, which results 
in the formation of inverted phases at basic pH. Finally, the aggregation properties 
of three sugar-based GS analogues (GS23, GS24, GS25) support the analogy between 
the mechanism of the selective OH- adsorption to hydrophobic surfaces and that of 
the charge reversal of sugar-based GS vesicles at basic pH. 
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5.1     INTRODUCTION 
In the previous Chapter, we showed how the phase behavior of GS1 is affected by 
variations in the ionic strength of its aqueous dispersions and by the presence of amphiphilic 
additives with different molecular geometries. We will here describe further possibilities to 
modify the aggregation behavior of sugar-based GSs by varying: (i) the nature of the spacer; 
ii) the sugar; and (iii) the length of the alkyl spacer. Effects arising from more radical 
structural modifications, (iv) substitution of the sugar moieties with methyl groups; (v) 
substitution of the sugar moieties with short polyethylene oxide chains, will be finally 
described.  
The pH-induced charge reversal of GS1-containing vesicular dispersions observed at basic 
pH has been introduced in Chapter 4. Although a detailed molecular description of this 
intriguing phenomenon has not yet been achieved, the hypothesis relative to the analogous 
nature of the OH--ion binding to GS vesicular surfaces and to purely hydrophobic surfaces1 
(i.e. oil droplets) is finally tested by comparing the aggregation properties of the sugar-based 
GS under investigation. 
 
5.2     EFFECTS OF THE HYDROPHOBICITY OF THE SPACER 
The molecular structure of GS15 (Figure 1A) differs from that of GS1 (see Chapter 4) only 
for the spacer: while GS1 possesses an ethylene oxide spacer (-(CH2CH2O)2-CH2CH2-), GS15 
is characterized by a slightly shorter and more hydrophobic alkyl spacer (-(CH2)6-).   
The morphologies of the aggregates formed by GS15, as determined by SLS and Nile Red 
fluorescence measurements as a function of pH (Figure 1B, C), are analogous to those of GS1. 
Vesicles prepared around pH 7.5 undergo a transition toward worm-like micelles at pH 7. A 
further decrease of the pH leads to the formation of spherical micelles (pH 5.8) and, at pH < 
4.7, solely spherical micelles are present. In Figure 1D, the pH values of the transitions of 
GS1 and GS15 are compared. The pH at which the transition toward spherical micelles is 
complete is lower for the compound with the shorter and most hydrophobic spacer (GS15). 
This finding is consistent with a higher cross-sectional head group area (i.e. lower packing 
parameter) of GS1 as compared to that of GS15, as expected due to the presence of a longer 
and more strongly hydrated spacer rather close to the headgroup. In fact, the value of the 
packing parameter associated with spherical micelle stability is reached at a higher degree of 
protonation of the amino moieties of the headgroup in the compound with the most 
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hydrophobic spacer. The onsets of transitions toward worm-like micelles and spherical 



























The rationalization of the differences in the colloidal stability of GS1 and GS15 is 
complicated by the fact that the variation in the nature of the spacer is expected to affect both 
the ability of the vesicular surface to adsorb OH--ions and the hydration of the headgroups. 
We will anyway attempt to discuss these differences, conscious of the fact that an 
unambiguous explanation would require a more detailed investigation. The pH value 
corresponding to vesicle flocculation is lower for GS1 (pH 7.7) than for GS15 (pH 8.2). 
Figure 1 Molecular structure of GS15 (A); normalized count rates from SLS experiments and wave 
length of maximum Nile Red emission of dispersions of GS15 in water (B, C). Open and closed 
symbols refer to independent measurements. The shaded areas indicate the pH regions where a 
rapid flocculation is observed. Arrows indicate the onset of the different transitions (see text for 
explanation). Comparison between the pH values of the phase transitions of GS1 and of GS15
(D): ▲ indicates the pH at which worm-like micelle formation from vesicles starts,  the pH at 
which the formation of spherical micelles from worm-like micelles starts,  the highest pH at 




















































































Nevertheless, also the intensity of the scattered radiation of GS15 vesicular dispersions 
steadily increases going from pH 7.5 to 8.2 (Figure 1B). Cryo-TEM pictures confirm that the 
process of flocculation and redispersion is more gradual for GS15 than for GS1, since 
aggregated and multilamellar vesicles are observed at pH 7.9 (Figure 2), before macroscopic 
aggregates are formed, consistent with the increase of the scattered intensities close to the pH 
of flocculation. The pH at which the aggregation of GS15 vesicles starts is close to the pH at 
which GS1 flocculates. For this reason, we think that the surface charge of GS1 and GS15 
vesicles is similar around pH 7.7, although  zeta-potential measurements would be necessary 
to confirm this hypothesis. The pH of redispersion of the GS containing the hydrophilic 
spacer (GS1) is lower than the corresponding pH for GS15. We suggest that this effect might 
be due to the higher hydration energy of the hydrophilic spacer, which increases the 














5.3     VARIATIONS OF THE  LENGTH OF THE SPACERS OR IN THE SIZE OF THE 
SUGAR MOIETIES RESULT IN A VARIETY OF MICROSTRUCTURES   
In this paragraph, the effects on the aggregation properties of sugar-based GS arising from 
a decrease in the number of carbon atoms of the sugar moieties and from an increase in the 




Figure 2 Cryo-TEM picture of GS15 dispersions at pH 7.9. Bar represents 100 nm.






















In Figure 3A, the molecular structure of GS22 is shown. The reduction of the cross-
sectional headgroup area in GS22 with respect to GS15 does not lead to significant variations 
in the aggregation behavior at acidic pH and the transitions towards worm-like micelles 
(starting at pH 7.2) and toward spherical micelles (onset at pH 5.7, complete at pH 5) occur at 
similar pH values as for GS15 (Figure 3B). These results indicate that the value of the cross-
sectional headgroup areas are mainly determined by the electrostatic repulsions between the 
positive charges at acidic pH and the variation in the nature of the sugar does not 
significantly affect the value of the packing parameter.  
On the other hand, dramatic differences in the aggregation behavior between GS22 and 
GS15 are observed at basic pH values. In Figure 3B and C, the intensities of the scattered 
radiation and the particle sizes of GS22 aqueous dispersions, respectively, are plotted as a 
function of pH. The intensity of the scattered light and the particle size increase slightly 
between pH 7.2 and 8.0. Vesicular aggregates are observed in cryo-TEM pictures of 
dispersions at pH 7.8 (Figure 4). Interestingly, together with closed vesicles of irregular 
Figure 3 Molecular structure of GS22 (A); normalized count rates from SLS experiments of dispersions of 
GS22 in water (B); particle sizes of dispersions of GS22 in water (C). Open and closed symbols 
refer to independent measurements. The shaded areas indicate the pH regions where a rapid 
flocculation is observed. The bars in (C) represent the widths of the size distributions at half 
height. 













































































































shapes, perforated vesicles are clearly visible in the pictures (Figure 4). Perforated vesicles 
have been described in the literature as possible intermediate structures in the transition 
from vesicular to micellar aggregates2-8 and they can be formed by surfactants with a packing 
parameter between 1/2 and 2/3.9 During vesicle solubilization by detergents, direct micelle-
to-vesicle transitions are observed with detergents with a low(er) packing parameter while 
intermediate formation of perforated vesicles is observed using detergents with a slightly 
high(er) packing parameter.5 Consistently, we do not observe perforated vesicles in aqueous 
dispersions of GS15 while they are present in dispersions of GS22, characterized by a slightly 
higher packing parameter than GS15. Around pH 8, the intensity of the scattered radiation 
starts to increase sharply upto the pH of flocculation (Figure 3B). Cryo-TEM pictures (Figure 
4) show that increasing the pH of the vesicular dispersion to 8.4 leads to the formation of 
tubular aggregates and of particles with irregular shapes and lacking inner periodic structure. 
These aggregates appear to be formed by bilayers which interconnect in a complex fashion, 
characteristic for the so-called sponge phase (L3). An analogous phase sequence L1-Lα (in the 
form of perforated and intact vesicles)-L3 has been observed in the system tetra-n-
decyldimethylamine oxide/ heptanol/ water with increasing cosurfactant/surfactant ratios.3 
Cryo-TEM reveals that upon a further increase of the pH (8.7), most of the amphiphile is 
organized in a cubic phase (Figure 4). In the same system also lamellar phases can be 
observed, as double-walled vesicles, presenting passages and interconnections between the 
membranes. Coexistence of the dispersed sponge phase, cubic phase and double-walled 
vesicles with interconnections between the bilayers has been previously observed in glyceryl 
monooleate dispersions at high ionic strength.2 Since the sponge phase can be considered as 
a ‘’molten lattice of interpassages’’, the coexistence of the sponge phase with double-walled 
vesicles presenting interconnections between the membrane is not surprizing.2 Above pH 8.9, 
the colloidally unstable inverted cubic phase dominates. Unfortunately, the data do not 
allow any conclusion about the ability of cubic phases to adsorb OH--ions.  
















The differences in the aggregation properties between GS15 and GS22 can be rationalized 
on the basis of the smaller headgroup area of GS22 (smaller sugar moieties) with respect to 
GS15, which leads to higher values of the packing parameter of GS22, associated with the 
formation of inverted phases at basic pH. 
We will now consider the aggregation properties of  GS17, differing from GS15 only in the 
length of the hydrophobic spacer, which consists of a C10, instead of a C6, hydrocarbon chain 
(Figure 5A). Variations in the length of the hydrophobic spacer can affect both the 




Figure 4 Cryo-TEM pictures of GS 22 aqueous dispersions under basic conditions. The black arrow 
indicates a hole in a perforated vesicle. The white arrow indicates an aggregate in the L3 phase. 
See text for discussion. 
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effects on the value of the packing parameter are difficult to predict. The plot of the surface 
areas of a family of bis (quaternary ammonium) surfactants with increasing length of the 
alkyl spacers –(CH2)n- vs. the number of methylene units in the spacer (n) goes through a 
maximum for n = 10-12.10 This trend was explained on the basis of a change of the location of 
the spacer from the air-water interface (headgroup region) to the air side of the interface 
(hydrophobic region) for n > 10. Consistently, for analogous compounds with more 
hydrophilic spacers of increasing length, the surface area increases monotonically with 
increasing spacer length.11 
The scattered intensities and the particle sizes of aqueous dispersions of GS17 as a function 
of pH are shown in Figure 5B and C, respectively. The aggregation behavior of this 
compound is similar to that of GS22. In fact, analogous transitions from vesicles to worm-like 
micelles (pH 7.2) and to spherical micelles (onset at pH 6.1, complete at pH 5.4) can be 






















Figure 5 Molecular structure of GS17 (A); normalized count rates from SLS experiments of dispersions of 
G17 in water (B)(arrows indicate the onset of the different transitions, see text for explanation); 
particle sizes of dispersions of GS17 in water (C). The shaded areas indicate the pH regions 
where a rapid flocculation is observed. The bars in (C) represent the widths of the size 
distributions at half height. SAXS spectrum of GS17 in water (100 mM) at pH 8.7 (D); in the 
insert of (D), plot of the inverse spacing d/1  against 222 lkh ++ . 
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Also at basic pH, the behavior of GS17 is similar to that of GS22 and formation of inverted 
phases is observed, consistent with the increase of the intensity of the scattered radiation and 












In the cryo-TEM pictures shown in Figure 6, analogous structures as those formed by GS22 
can be observed. In the picture taken at pH 7.4, intermediate structures in the process of 
vesicle fusion are visualized. Aggregates displaying the characteristics of the sponge phase 
are present at pH 8.0, together with vesicles and other irregular lamellar structures. At pH 
8.3, vesicles coexist with larger aggregates in a cubic phase. The formation of a cubic phase at 
basic pH has been confirmed by measuring  SAXS on a GS17 dispersion at pH 8.7 (Figure 
5D). The relative positions of the peaks ( 2/3,2,3,2,2/3,1 ) indicate the presence 
of a cubic phase of the primitive space group Pn3m. In the insert of Figure 5D, the liner plot 
of the inverse spacing (1/d) against 222 lkh ++  (where h, k, l are the Bragg parameters) is 
presented, which supports the tentative assignment. The unit cell length calculated from the 
slope of the linear plot is 5.7 nm. This value is small compared to the unit cell length of the 
other cubic phases with the same symmetry described in this thesis, formed by SAINT-2 
(Chapter 2) and by the Sunfish amphiphile with long, unsaturated tails (Chapter 3) and is 
also small compared with the cubic phases formed by monoolein.12 Although for this system 
the measurement could not be repeated and therefore we cannot completely exclude an error 
in the calibration of the SAXS device, measurements performed on the same day on different 
systems gave the expected results. Such a small value of the unit cell length of the cubic 
phase would indicate an extremely loose packing of the amphiphiles.12 
 
Figure 6 Cryo-TEM pictures of aqueous dispersions of GS17 under basic conditions. From left to right, 
pH 7.4, 8.0 and 8.3. Bars represent 100 nm. 
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In conclusion, the data obtained for GS17 show that increasing the length of the 
hydrophobic spacer to C10 leads to results consistent with an increase of the packing 
parameter, indicating that the spacer folds toward the hydrophobic tails, contributing more 
to the hydrophobic volume than to the cross-sectional headgroup area. Although the 
conformation of the spacer most likely depends on the degree of protonation of the 
headgroup, the packing parameter of GS 17 as a function of pH seems to be quite similar to 
that of GS22. The relatively high pH at which the formation of GS17 micelles is complete (pH 
5.4 for GS17, pH 5.0 for GS22, pH 4.7 for GS15) could arise from a more extended 
conformation of the spacer of GS17 at high degrees of protonation (higher cross-sectional 
headgroup area). 
 
5.4     AGGREGATION PROPERTIES OF SUGAR-BASED GS ANALOGUES: 
IMPLICATIONS FOR THE MECHANISM OF OH—-ION  BINDING  
In this paragraph, we will discuss the aggregation properties of sugar-based GS analogues 
(Figure 7), designed and synthesized in order to provide better insights into the mechanism 
of the pH-induced vesicle charge reversal, a phenomenon which has been introduced in the 
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Therein, we described how GS1 vesicles, prepared around neutral pH, flocculate upon an 
increase in the pH to 7.7 and can be, subsequently, redispersed upon a further increase in pH 
(pH>8.7). Redispersion is accompanied by charge reversal as demonstrated by negative 
electrophoretic mobilities.1 It has been argued that the mechanism of the selective OH- 
adsorption to GS1 vesicles could be related to that of hydroxide-ion absorption to 
water/hydrophobic interfaces13 and not to a specific interaction with the sugar headgroups.1 
This suggestion was based on the fact that, for surfaces covered with non-ionic surfactants, 
OH- binding does not depend on the identity of the surfactant headgroup and, moreover, an 
inverse correlation is observed between the surfactant surface excess and the surface charge 
density. Specific binding of OH- ions to hydrophobic surfaces is a known phenomenon,14,15 
although no mechanicistic explanation is available. However, recent molecular dynamics 
simulations13 provide a likely mechanism for this counter-intuitive observation: OH- binding 
to hydrophobic surfaces can be explained by the interaction of the dipole moment of the 
hydroxide ion with the electrical field generated by the preferential orientation of the water 
molecules within the first two water layers away from the hydrophobic surface.  
However, in the case of sugar-based GSs, an alternative mechanism could involve 
hydrogen bonding of the carbohydrate hydroxy substituents to the OH- ions. Moreover, 
deprotonation of one of the carbohydrate hydroxy groups would also lead to a negative 
surface charge. This last possibility is, however, unlikely due to the high pKa values of 
carbohydrates (as examples, the pKa of glycerol16 is about 14 and the pKa of glucose is about 
12, but the acidity is, in this case, due to the proton of the anomeric hydroxy group, absent in 
the linear counterpart).17 
A study of the aggregation properties of GS23, GS24 and GS25  was carried out in order to 
distinguish between the three possible mechanisms (i.e., (i) binding to hydrophobic surfaces, 
(ii) hydrogen bonding of the hydroxy substituents to the OH- ions and (iii) deprotonation of 
one of the carbohydrate hydroxy groups) and, for this reason, we focused our attention 
primarily on the transitions occurring in basic conditions. 
GS25 (a liquid at room temperature) carries methoxy-terminated tetra(ethylene oxide) 
groups instead of reduced sugar units at both nitrogen atoms. This structural modification 
prevents both deprotonation and the hydrogen-bond donation effect. Nevertheless, similar 
morphological changes as for GS1 are observed. At acidic pH spherical micelles are formed. 
Between pH 2 and 6.6 ± 0.2, the low intensities of the scattered radiation indicates the 


































Cryo-TEM pictures taken at pH 7.4 show the presence of elongated lamellar structures 
(Figure 9A). Phase separation (defined here as formation of aggregates larger than 1 µm) is 
observed at pH 8.4 ± 0.2. Aggregates with sizes smaller than 1 µm are again observed upon a 
Figure 8 Normalized count rates from SLS experiments (A) and particle sizes (B) of dispersions of GS23 
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further increase in pH to 9.2 ± 0.2. Cryo-TEM pictures taken at pH 11.2 demonstrate the 















We next turned our attention to GS24, characterized by the presence of two methyl 
substituents on the nitrogen atoms. Also for this compound, SLS data indicate the presence 
of spherical micelles at low pH values (Figure 8A). The intensity of the scattered light 
increases dramatically around pH 5.3. Interestingly, cryo-TEM pictures taken at pH 6.8 
(Figure 10A) shows the presence of oil droplets rather than vesicles, as indicated by the 












Figure 9 Cryo-TEM pictures of aqueous dispersions of GS25 at pH 7.4 (A) and at pH 11.2 (B). Bars 
represent 100 nm. 
A B
A B
Figure 10 Cryo-TEM pictures of GS 24 at pH 6.8 (A) and at pH 10.7 (B).
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This observation indicates that electrically neutral GS24 molecules do not behave like a 
surfactant but, instead, behave like apolar molecules, entering the core of the initially formed 
micelles to reduce the entropically unfavorable contact with water, when the surface charge 
decreases significantly. The oil droplets exhibit remarkable stability, as they are stable 
overnight. DLS data indicate a continuous increase in droplet size with increasing pH until 
they phase separate (Figure 8B). The droplet size starts to decrease again at pH > 9.8 ± 0.5. 
Cryo-TEM pictures taken at pH 10.7 (Figure 10B) confirm the presence of relatively small oil 
droplets. The redispersion of the oil, indicating electrostatic repulsions between the 
individual droplets, is consistent with its ability to bind OH- ions. The large uncertainties in 
the pH of phase separation and redispersion reflect the lower reproducibility of the SLS and 
DLS data obtained for GS24. A lower reproducibility of the data for this system with respect 
to those relative to vesicle forming surfactants is not surprising, since it is known that the 
size and stability of oil droplets depend in a complex fashion on several parameters, 
including the amount of dissolved gas.18-20  
Finally, GS23 is characterized by 2,3-dihydroxypropyl substituents and, like GS25, is a 
liquid at room temperature. The aggregation behavior of this compound is intermediate 
between that of GS23 and GS24. In fact, while at acidic pH spherical micelles are present, at 
pH 6.9 both oil droplets and lamellar structures are observed by cryo-TEM (Figure 11A). 
Aggregates displaying the characteristics of the sponge phase (vide supra) can also be 
observed. The formation of these structures is not surprising due to the similarity between 
the structures of GS23 and GS22. The reduction in the headgroup polarity of GS25 as 
compared with GS22 (carrying one more hydroxy substituent) results in  the formation of oil 
droplets by the unprotonated surfactants instead of an inverted phase. Upon a further 
increase in pH, phase separation is observed at pH 8.4 ± 0.1 but the size of the aggregates 
decreases again at pH > 9 (Figure 8B). Only oil droplets are observed by cryo-TEM for GS23 
























We conclude that, despite the crucial structural differences with respect to GS1 and GS15, 
also the electrically neutral GS23, GS24 and GS25, all form molecular assemblies with the 
ability to adsorb hydroxide ions in water. These results demonstrate that deprotonation of 
the sugar and hydrogen bonding of OH- to the hydroxy substituents of the reduced sugar are 
not responsible for redispersion, strengthening the hypothesis concerning the analogy 
between OH- binding to hydrophobic surfaces and to the headgroup regions of sugar-based 
GS. This conclusion suggests that not only highly hydrophobic (i.e. alkane-like such as GS24) 
interfaces, but also more hydrophilic interfaces such as those formed by GS1, GS15, GS23 
and GS25 possess hydration layers that allow efficient binding of hydroxide ions. As 
mentioned in Chapter 5, bilayers formed by zwitterionic phospholipids like DOPC possess 
different hydration characteristics and, for this system, OH- binding is not observed.21 
 
5.5     CONCLUSIONS 
The effects of structural modifications on the aggregation behavior of sugar-based GS at 
the level of the headgroup and of the spacer have been investigated.  
Replacing the -(CH2CH2O)2-CH2CH2- spacer (GS1) with a -(CH2)6- spacer (GS15) leads to a 
reduction of the headgroup cross-sectional area, as a consequence of the weaker hydration of 
the more hydrophobic spacer and of its shorter length. In fact, the formation of highly 
curved aggregates requires a higher degree of protonation for GS15. We suggest that the 
A B
Figure 11 Cryo-TEM pictures aqueous dispersions of GS23 at pH 6.9 (A) and at pH 11.1 (B). Bars 
represent 100 nm. 
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higher pH value required for redispersion of GS15 vesicles is most likely due to lower 
hydration efficiency of the hydrocarbon spacer with respect to the ethylene oxide spacer.  
More radical variations of the surfactant structure, as shortening of the sugar moieties or 
increasing the length of the hydrophobic spacer leads to molecules with a lower packing 
parameter as demonstrated by the formation of inverted structures at basic pH. 
Finally, a comparison between the aggregation behavior of sugar-based GS analogues 
carrying tetra(ethylene oxide), methyl or 3-(1,2-dihydroxypropyl) substituents at both 
nitrogen atoms allowed to rule out hydrogen bonding to or deprotonation of the sugar 
hydroxy substituents as necessary conditions for OH-  adsorption to GS vesicular surfaces. 
5.6     MATERIALS AND METHODS 
The details for the cryo-TEM, SLS , DLS and SAXS experiments have been described in 
Chapter 2, 3 and 4. The sugar-based GS have been synthesized according to a novel 
procedure which will be reported elsewhere.22 
GS3: 1H NMR (CD3OD, 300 MHz): δ 5.35 (m, 4H) 3.84-3.59 (m, 12H) 2.87-2.80 (m, 12H) 2.60-
2.47 (m, 10H)  2.02 (m, 8H) 1.52 (br, s. 8H) 1.32 (chain, 50H) 0.90 (t, 6H); 13C NMR (CD3OD, 
50.3 MHz): δ 131.5, 130.9, 75.3, 72.7, 71.6, 67.7, 65.2, 60.0, 55.6, 55.4, 33.7, 33.1, 30.9, 30.7, 30.5, 
30.4, 30.2, 28.3, 28.2, 27.4, 23.8, 14.6; Anal. Calcd. for C54H108N2O10: C, 68.60; H, 11.51; N, 2.96. 
Found: C, 68.3; H, 11.79; N, 2.87. 
GS8: 1H NMR ( CD3OD/CDCl3, 300 MHz): δ 5.33-5.29 (m, 4H), 3.87-3.45 (m, 12H), 2.67-2.44 
(m, 12H), 1.98-1.96 (m, 8H), 1.42 (br, s. 8H) 1.23 (chain, 50H), 0.84 (t, 6H); 13C NMR 
( CD3OD/CDCl3, 50.3 MHz): δ 130.7, 130.3, 130.1, 72.3, 71.5, 70.9, 76.4, 64.4, 57.9, 55.0, 54.5, 
32.9, 30.1, 29.7, 27.9, 27.5, 26.8, 23.0, 14.3. Anal. Calcd. for C54H108N2O10.2H2O : C, 66.08; H, 
11.50; N, 2.85. Found: C, 66.4; H, 11.45; N, 2.83. 
GS9: 1H NMR (CD3OD, 300 MHz): δ 5.39-5.32 (m, 4H), 3.88-3.86 (m, 4H), 3.75 (t, 2H), 3.65-
3.63 (m, 6H), 2.82-2.76 (m, 2H), 2.63-2.49 (m, 10H), 2.13-1.95 (m, 8H), 1.51 (br, s. 8H) 1.30 
( chain, 48H), 0.90 (t, 6H); 13C NMR (CD3OD, 75.4 MHz): δ 130.8, 130.7, 76.2,73.5, 72.1, 69.1, 
64.6, 59.0, 55.6, 55.5, 33.5, 33.0, 30.7, 30.6, 30.5, 30.4, 30.2, 28.5, 28.3, 28.1, 27.4, 23.7, 14.5; Anal. 
Calcd. for C54H108N2O10: C, 68.60; H, 11.51; N, 2.96. Found: C, 68.2; H, 11.74; N, 2.95. 
GS15: 1H NMR ( CD3OD/CDCl3, 300 MHz): δ 5.34-5.31 (m, 4H), 3.82-3.61 (m, 12H), 2.61-2.48 
(m, 12H), 2.02-2.00 (m, 8H), 1.49 (br, s. 8H), 1.30-1.27 (m, chain. 50H), 0.88 (t, 6H); 13C NMR 
( CD3OD/CDCl3, 50.3 MHz): δ 130.63, 130.57, 73.6, 72.6, 71.5, 64.7, 58.2, 55.5, 55.3, 33.5, 32.9, 
30.7, 30.5, 30.3, 30.2, 28.4, 28.2, 28.0, 27.4, 23.6, 14.5. Anal. Calcd. for C54H108N2O10: C, 68.60; H, 
11.51; N, 2.96. Found: C, 68.5; H, 11.58; N, 2.87. 
STRUCTURAL VARIATIONS OF SUGAR-BASED GEMINI SURFACTANTS 
 141
GS22: 1H NMR (CD3OD, 300 MHz): δ 5.40-5.33 (m, 4H), 3.73-3.54 (m, 8H), 2.78 (d, 1H), 2.73 (d, 
1H), 2.62-2.49 (m, 10H), 2.04 (m, 8H), 1.51 (br, s. 8H), 1.33 (chain, 48H ), 0.91 (t, 6H); 13C NMR 
(CD3OD, 50.3 MHz): δ 131.5, 131.4, 130.83, 130.78, 77.1, 68.3, 64.5, 59.9, 55.7, 55.5, 33.6, 33.1, 
30.8, 30.7, 30.6, 30.5, 30.3, 30.2, 28.5, 28.4, 28.2, 27.7 27.6, 23.7, 14.5. Anal. Calcd. for 
C50H100N2O6. 0.5H2O: C, 71.98; H, 12.20; N, 3.36. Found: C, 72.0; H, 12.09; N, 3.49. 
GS23: 1H NMR ( CD3OD, 300 MHz): δ 5.39-5.33 (m, 4H), 3.75-3.71 (m, 2H), 3.59-3.49 (m, 4H), 
2.54-2.45 (m, 12H), 2.05-2.01 (m, 8H), 1.49 (br, s. 8H), 1.31 (chain, 48H), 0.91 (t, 6H); 13C NMR 
(CD3OD, 50.3 MHz): δ 131.4, 130.8, 69.8, 66.6, 59.1, 55.9, 55.8, 33.6, 33.0 30.8, 30.6, 30.4, 30.3, 
28.5, 28.4,28.1, 27.8, 23.7, 14.5. Anal. Calcd. for C48H96N2O4.0.5 H2O. C, 74.46; H, 12.63; N, 3.62. 
Found: C, 74.6; H, 12.53; N, 3.77. 
GS24: 1H NMR (CDCl3, 300 MHz): δ 5.33 (m, 4H), 2.29 (m, 8H), 2.17 (s, 6H), 1.99 (m, 8H), 1.41 
(br, s. 8H), 1.26 (chain, 48H), 0.84 (t, 6H); 13C NMR (CDCl3, 75 MHz): δ 129.8, 129.7, 57.9, 57.8, 
42.3, 32.5, 31.8, 29.7, 29.5, 29.4, 29.2, 29.1, 27.5, 27.3, 27.1, 22.6, 14.0. Anal. Calcd. for C44H88N2: 
C, 81.92; H, 13.75; N, 4.34. Found: C, 81.4; H, 13.97; N, 4.35. 
GS25: 1H NMR (CDCl3, 300 MHz): δ 5.31-5.27 (m, 4H), 3.61-3.48 (m, 28H), 3.32 (s, 6H), 2.59 
(m, 4H), 2.37 (m, 8H), 1.96-1.92 (m, 8H), 1.36-1.21 (chain, 56H); 13C NMR (CDCl3, 50.3 MHz): 
δ 129.8, 129.7, 71.8, 70.5,70.4, 70.3, 69.6, 58.9, 54.7, 53.1, 32.5, 31.8, 29.6, 29.5, 29.4, 29.2, 27.4, 
27.1, 26.9, 22.6, 14.0. Anal. Calcd. for C60H120N2O8: C, 72.24; H, 12.12; N, 2.81. Found: C, 71.8; 
H, 12.05; N, 2.71. 
 
The sample preparation has been described in Chapter 4. 
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